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DEVICES AND METHODS FOR MAPPING
CARDIAC ARRHYTHMIA

CROSS REFERENCE TO RELATED
APPLICATION

This application claims filing benefit of U.S. Provisional
Patent Application Ser. No. 62/201,874 having a filing date
of Aug. 6, 2015, which 1s incorporated herein by reference
in entirety for all purposes.

BACKGROUND

Atnal fibrillation 1s the most common cardiac arrhythmia.
It creates rapid quivering of the upper chambers of the heart.
Acute symptoms can include palpitations, chest pain, short-
ness ol breath and dizziness. Prolonged arrhythmia can

result in significant morbidity by potentially causing con-
gestive heart failure and/or stroke.

Theoretical and computational cardiac models have
helped to confirm that during arrhythmia the electrical
wavelront transmitted through the heart causing contraction
or a heartbeat degenerates mto one or more rotors. Rotors
exhibit a characteristic spiral-shaped wave front of depolar-
1zation from a core of aflected cells. A rotor’s spiral waves
present as a repetitive cycle of electrical activation around
the central core.

The current understanding of atrial fibrillation 1n humans
requires a coordination of two main events. First, an 1niti-
ating cardiac electrical impulse or trigger occurs elsewhere
than the normal sinus node pacemaker of the heart. This
trigger most commonly originates from sleeves of cardiac

tissue at the opening of the pulmonary veins within the left
atrtum but may also emanate from non-pulmonary vein sites
or even degenerate from reentrant circuits (sites from which
the cause of the arrhythmia 1s due to the electric signal not
moving 1n a single wave front from the atria to the ventricles
as 1 the normal circuit, but rather as a circuit looping back
upon 1tself). The second event 1s rotor formation. A rotor
develops when the depolarizing electrical impulse that
propagates away from a trigger in the form of a wave front
undergoes a wave break, turning on an axis. The turning
wave front 1s believed to be a result of regional changes in
structure, fibrosis, fiber orientation, autonomic innervation,
local conduction velocity characteristics, and/or refractory
periods. The curved wave front of the rotor can create a
seli-sustaining circular trajectory that spins around its rotor
core, called a phase singularity. A rotor can spin fairly fast,
with any one rotor having a characteristic cycle length.
Cycle lengths have been documented 1n ranges of about 130
to about 210 milliseconds and are stable over time, for
instance up to tens of minutes. It has been postulated that
atrial fibrillation 1s maintained by a small number (1-2) of
high frequency rotors that drive the continuation of the atnial
fibrillation. In the case of multiple simultaneous rotors, the
rotor exhibiting the highest frequency 1s considered the
driving rotor. High frequency rotors occur more frequently
in the left atrium, resulting 1n a gradient of atrial fibrillation
drivers from left to right chambers.

Treating atrial fibrillation by ablation of trigger sites and
rotors has shown better results in maintaining sinus rhythm
and quality of life as compared to medical therapy. Much
investigation 1s ongoing to further improve acute success
rates and longevity of being arrhythmia-free, with mapping
and ablation of rotor sites being added to accepted methods

of atrial fibrillation ablation.
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There are currently two commercially available methods
for mapping of rotors. Dominant Irequency mapping

involves time consuming point-by-point recording of the
clectrical activity within the heart. Each recording 1s ana-
lyzed by spectral analysis to determine each specific site’s
most stable dominant frequency. A site-specific recording
may provide mformation about that point, but does not
provide much information about whether a rotor 1s nearby.
Trying to find a rotor or the path along which a rotor
precesses 1s by hunt-and peck without any guidance as to
where to try next.

The second method uses a basket catheter to record
clectrical activity simultaneously from 64 electrodes (8
clectrodes over each of 8 splines). The simultaneous local
clectrical activity of the atrial chamber 1s displayed pan-
oramically 1n 2 dimensions. Recording by basket catheters
also presents challenges. Stable electrode contact can be
problematic but i1s required to record, compute and display
cardiac electrical activity. Unfortunately, many patients with
persistent forms of atrial fibrillation have enlarged atria that
can be significantly larger than the basket 1tself. This results
in the substantial technical limitation of not having adequate
tissue contact for many of the electrodes. In addition,
clectrode spacing ranges between 4 to 8 mm along splines,
depending on basket size, and full expansion of the largest
basket catheter to a diameter of 6 cm results 1n electrode
separation between splines of about 2.5 centimeters. Rotor
diameters are estimated to be about 1.5 cm to 2 cm. Thus, the
basket geometry allows for only one or two at most elec-
trodes on the catheter to record within a rotor site. The
consequential wider spline separation of basket catheters 1n
these enlarged atria diminishes the probability to accurately
identify a rotor location.

What are needed 1n the art are devices and methods for
mapping cardiac tissue and thereby recognizing locations of
interest during cardiac arrhythmia. For instance, improved
ability to map, identily and ablate rotors would be of great
benefit. Presently, a rotor site cannot be identified by stan-
dard recording techniques and requires color activation time
maps. A device and method that can provide for immediate
rotor detector/locator, an ectopic site detector/locator and a
circuit locator would be of great benefit.

SUMMARY

According to one embodiment, disclosed 1s a method for
mapping cardiac tissue. A method can include placing an
array of electrodes i1n contact with cardiac tissue. The
method can also include obtaining electrical signals from a
plurality of bipolar electrode pairs of the array (e.g., at least
two bipolar electrode pairs), with each bipolar electrode pair
including a first electrode and a second electrode. The first
and second electrodes of each bipolar electrode pair are at a
distance from one another and 1n electrical communication
with one another. The bipolar electrode pairs are located
with respect to one another such that the individual elec-
trodes of the bipolar electrode pairs together define a perim-
eter around an area. The first and second electrodes of each
bipolar electrode pair are located on this perimeter such that
they are opposed to one another across this area. For
instance, 1n one embodiment, the electrodes of the bipolar
clectrode pairs together define a circular perimeter. In this
embodiment, the first and second electrodes of each bipolar
clectrode pair can be diametrically opposed to one another
across the circular pattern.

A method can also include analyzing the electrical signals
from each of the bipolar electrode pairs to determine the
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direction or source of a wave Iront of depolarization passing
through the cardiac tissue. In one particular embodiment, the

method can determine the precessing direction and/or core
location of a rotor.

In one embodiment, a method can include unipolar analy-
s1s of the electrical signals of catheter electrodes. Through
unipolar analysis of the signals from each electrode sequen-
tially around the perimeter of a catheter area, information
regarding the location of a rotor core can be obtained. For
instance, through analysis of the electrical signals from
bipolar electrode pairs, one can determine the precession
direction of the rotor and that a rotor core 1s within an area
defined by the electrodes. Following this determination,
unipolar analysis of the signals from the electrodes around
the perimeter of the area defined by the catheter can be
carried out to provide additional information regarding more
specific location of the rotor core within the area defined by
the perimeter.

According to another embodiment, disclosed 1s a cardiac
mapping catheter that includes an array of electrodes, the
array including a plurality of bipolar electrode pairs. The
bipolar electrode pairs can be located with respect to one
another such that the electrodes of the bipolar electrode pairs
together define a perimeter surrounding an area. The first
and second electrodes of each bipolar electrode pair can be
opposed to one another across this area. For example, the
array can be carried on one or more circular turns of a
flexible coil-type catheter with the first and second elec-
trodes of each bipolar electrode pair being diametrically
opposed across a circular turn of the coil-type catheter. In
other embodiments, the array of electrodes can be carried on
a basket-type catheter or on any other sort of a network that
includes a grid of electrodes the signals of at least a portion
of which can be measured as a plurality of bipolar electrode
pairs surrounding an area as described.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood with
reference to the following figures:

FIG. 1 schematically illustrates a prior art circular map-
ping electrode catheter.

FIG. 2 schematically illustrates one embodiment of a
circular mapping electrode catheter as described herein.

FIG. 3 schematically 1llustrates another embodiment of a
circular mapping e¢lectrode catheter as described herein.

FIG. 4 schematically 1llustrates another embodiment of a
circular mapping e¢lectrode catheter as described herein.

FIG. 5 schematically 1llustrates another embodiment of a
circular mapping electrode catheter as described herein.

FIG. 6 schematically illustrates one embodiment of an
clectrode grid for use as described herein.

FIG. 7 schematically illustrates one embodiment of a
basket-type mapping electrode catheter as described herein.

FIG. 8 schematically illustrates a method of use of a
basket-type mapping electrode catheter as described herein.

FIG. 9A-FIG. 9D schematically illustrate rotor activity in
cardiac tissue and include an 1mage ol a propagating elec-
trical wave circling around a rotor core (FIG. 9A), the rotor
core outside the boundary of a circular mapping catheter
(FIG. 9B), the wave front in the process of passing the
circular mapping catheter (FI1G. 9C), the wave front having
passed the circular mapping catheter and again outside the
boundary of the catheter (FIG. 9D).

FIG. 10A-FIG. 10C illustrate a circular mapping catheter
directly overlying a rotor and include an 1image as the wave
front passes the bottom-most (or south) electrode (FIG.
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4

10A), as the wave front passes the farthest right (or east)
clectrode (FIG. 10B) and as the wave front passes the
top-most (or north) electrode (FIG. 10C).

FIG. 11 1illustrates recordings from electrocardiogram
surface leads including recordings from diametrically
opposed bipolar electrode pairs as described herein.

FIG. 12 illustrates recordings from electrocardiogram
surface leads including recordings from diametrically
opposed bipolar electrode pairs as described herein.

FIG. 13 illustrates three potential locations of a rotor core
within a perimeter defined by a sernies of electrodes.

FIG. 14 1llustrates a catheter and a rotor core 1n the center
of an area defined by electrodes at the perimeter of the
catheter.

FIG. 15 illustrates a catheter and a rotor core at the
periphery of an area defined by electrodes at the perimeter
of the catheter.

FIG. 16 1llustrates one embodiment of a rotor core loca-
tion within a defined perimeter and a triangulation method
for determining the specific location of the rotor core by use
of unipolar analysis.

FIG. 17 illustrates recordings from electrocardiogram
surface leads demonstrating unipolar electrode analysis of a
rotor within the area defined by the cathode and precession
out of the area.

FIG. 18 illustrates one embodiment of a heart catheter-
ization device mncorporating a circular mapping catheter as

disclosed herein.

FIG. 19A and FIG. 19B schematically illustrate an atrium
mapping positioning method as disclosed herein including
an anterior view (FIG. 19A) and a posterior view (FIG.
19B).

FIG. 20 presents a flow diagram for an atrium mapping,
positioning method as disclosed herein.

DETAILED DESCRIPTION

It 15 to be understood by one of ordinary skill 1n the art that
the present discussion 1s a description of exemplary embodi-
ments only, and 1s not itended as limiting the broader
aspects of the present imvention.

The present disclosure 1s generally directed to devices and
methods for mapping cardiac tissue. More specifically, dis-
closed methods and devices can be utilized to detect the
direction and/or source of a depolarization wave front asso-
ciated with cardiac arrhythmia. For instance, by use of the
disclosed methods and devices, a rotor source location can
be 1dentified. Following identification and mapping, the
rotor source can be ablated, leading to decrease in arrhyth-
mic episodes and longevity for arrhythmia-free periods.

A mapping catheter as disclosed herein includes a plural-
ity of bipolar electrode pairs (at least two bipolar electrode
pairs) 1n an electrode array. Each bipolar electrode pair
includes a first and second electrode. The bipolar electrode
pairs of the array are located with respect to one another
such that the individual electrodes of the pairs together
define a perimeter, e.g., a circle, an oval, or any other
perimeter. In addition, the first and second electrodes of each
bipolar electrode pair can be located such that they are
opposed to one another across the area that 1s surrounded by
the perimeter (also referred to herein as the central area). For
instance, 1n one embodiment, the electrodes of the bipolar
clectrode pairs can together define a circular pattern. In this
embodiment, each member of each bipolar electrode pair
can be diametrically opposed to one another across the area
that 1s surrounded by the circular perimeter.
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It should be understood that while much of the following
discussion 1s directed to a circular perimeter defined by the
clectrodes of the bipolar electrode pairs, the disclosed meth-
ods and devices are 1n no way limited to circular perimeters,
and the electrodes of the bipolar electrode pairs can together
define any pernimeter shape including circular, elliptical,
ovold, a perimeter with no clearly defined shape, or any
other shape. The perimeter can define an enclosed area and
this area can include a center that i1s equidistant from
opposing points on the perimeter. For instance, with regard
to a circle or an ellipse, the central area can include the
center point of the area surrounded by the perimeter.

The opposing arrangement of the bipolar electrodes can
be utilized during vector analysis of the electrical signals to
identily directional paths of moving electric fields or wave
fronts 1n any direction passing across the endocardial sur-
face.

Bipolar and/or unipolar analysis of the signals from
clectrodes arranged as disclosed herein can be utilized to
provide data concerning a depolarization source. For
instance, a combination of both bipolar and umipolar signal
analysis can provide a method to track a rotor and to not only
identily the specific location at a point in time but also to
track local movement (precession) of the rotor through heart
tissue 1n real time. The bipolar data can identity the direction
by which a rotor may approach and/or leave a catheter
perimeter area. The bipolar data can identity the time at
which the rotor has crossed into the area circumscribed by
the catheter (or electrode perimeter shape) according to a
change in the pattern of signals as described further herein.
Upon determination that the rotor 1s within the circum-
scribed recording area, unipolar data can then be used to
coniirm this relative position, and by geometric analysis the
position of the rotor core within the area can be pinpointed
with each subsequent revolution.

In one particular embodiment, multiple simultaneous
adjacent areas can be examined, and a rotor can be tracked
as 1t passes from one recording area mnto the next, providing
a continuous tracking of rotor motion. Such nformation
may be useful to eliminate potential paths that a rotor can
utilize to maintain 1ts existence.

Beneficially, through analysis of the wave front vector, the
catheters can be used to i1dentily source locations as well as
types of triggers and/or drivers of cardiac arrhythmia. In one
particular embodiment, the catheters can be utilized to
identify rotors, but it should be understood that the catheters
are not limited to rotor 1dentification/description. A catheter
can be utilized to 1dentily location and type of ectopic trigger
foci and/or to delineate reentrant pathways that frequently
complicate atrial fibrillation ablation.

A catheter can be utilized to differentiate types of arrhyth-
mia triggers and drivers. For instance, by use of a catheter
as disclosed herein, different types of rotors can be catego-
rized. In addition, the general location tendencies or rotors
and rotor types can be determined. With regard to exami-
nation of individual rotors, a variety of characteristics
including but not limited to rotational speed, rotational
direction (clockwise or counter clockwise), precess direction
and precess velocity can be examined. The imdividual char-
acteristics of a rotor once determined can be compared and
contrasted with those of other rotors in the individual as well
as with chronicity of atrial fibrillation, information that can
be used to better identily preferred treatment options for a
patient.

A catheter including a circular pattern of electrodes as
described herein can be relatively small and thus less
ivasive as compared to previously known heart catheters.
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This can also provide ease 1n mobility and position adjust-
ment during use, which can reduce mapping time of the
cardiac tissue. Reduced mapping time can reduce radiation
exposure to patients as well as require less processing time
and memory of the catheter system, both of which provide
great benefit.

In one embodiment, the catheter can also be utilized as an
ablation catheter. In any case, following identification and
classification of the components of complex atrial arrhyth-
mia in a patient a protocol can include targeted ablation of
the i1denftified locations, e.g., rotors, ectopic foci and/or
reentrant circuits. For instance, following use of a catheter to
map the cardiac tissue and identily ectopic triggers, rotor
core sources, etc. the catheter can be adjusted as necessary
and the targeted tissue can be ablated via, e.g., radio Ire-
quency energization of electrodes of the array.

As 1illustrated 1n FIG. 1, the electrode arrangement of a
typical prior art circular mapping catheter includes 10 bipo-
lar electrode pairs (20 electrodes total). Each bipolar elec-
trode paitr includes two immediately adjacent electrodes with
narrow spacing between the two. For instance, the spacing
between the two electrodes of one bipolar electrode pair 1s
generally about 2 millimeters and the spacing between
successive bipolar electrode pairs 1s generally about 5 mil-
limeters. During use, the voltage potential difference
between the individual members of a pair 1s recorded. As
known, a rotor exhibits a stable cyclic pattern of a short
clectrical impulse followed by quiescence. If one of the
clectrodes of a bipolar electrode pair of a standard catheter
as shown 1n FIG. 1 1s within the rotor region, then the regular
pattern of electrical activity may be seen but little or no
information with regard to the rotor motion (e.g., rotational
direction, precession direction) or rotor core location will be
obtained.

FIG. 2 illustrates one embodiment of a circular mapping,
catheter utilizing an array of bipolar electrode pairs as
disclosed herein. In this embodiment, the array of the
catheter includes four bipolar electrode pairs (eight elec-
trodes), but 1t should be understood that an array can include
two, three, or more bipolar electrode pairs. In addition, and
as described further herein, all or only a portion of the
clectrodes of an array can be utilized at any one time as the
plurality of bipolar electrode pairs that together define a
perimeter.

The electrodes of each bipolar electrode pair are 1n
clectrical communication with one another and also with
processing equipment according to standard practice to form
leads that can detect and record the voltage potential difler-
ence between members of each pair. In accord with known
signal processing techniques, one electrode of the pair 1s
designated as the positive mput and the voltage potential of
the other member of the pair (the negative input) 1s sub-
tracted from the voltage potential of the positive input to
yield the bipolar potential of the pair. Electrical signal
processing equipment, €.g., operational amplifiers, resistors,
capacitors, etc. can be utilized according to standard practice
to obtain the bipolar potential of each pair with the desired
polarity.

Referring again to FIG. 2, the electrode array includes 8
electrodes 1n electrical connection with one another so as to
form 4 bipolar electrode pairs. The 8 electrodes together
define a perimeter (1n this case a circle), with the members
of each pair opposed to one another across the center of the
perimeter. As shown 1n FIG. 2, the electrode array includes
a first bipolar electrode pair (Al, A2), a second bipolar
clectrode pair (B1, B2), a thurd bipolar electrode pair (C1,
C2) and a fourth bipolar electrode pair (D1, D2). Note on
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FIG. 2 that the electrodes of each pair are separated around
the circle, with a first electrode of a pair (e.g., Al) across the
circle from the second electrode of that pair (A2), and thus
diametrically opposed from its mate. For ease of reference,
the pairs can be configured to cardinal positions around the
circle like a compass. Thus, upon location of electrodes and
an array in contact with cardiac tissue, vector analysis of an
clectrical wave front recorded by the four bipolar electrode
pairs can provide directional information regarding
approaching wave fronts from a north (N), south (S), east
(E), west (W), northeast (NE), northwest (NW), southeast
(SE), and southwest (SW) direction, as shown.

In the illustrated embodiment, the north electrode Al of
the north/south electrode pair A1, A2 1s designated as the
clectrode position at the top of the circular mapping catheter
where the stem shaft of the catheter turns to form the circle
portion of the catheter. The cardinal direction positions of a
set of bipolar electrode pairs carried on a catheter can then
be located around the circle by viewing the circle from the
position of the shait. These cardinal points can be utilized to
refer to electrode positions for ease of use for mapping and
movement of the catheter. Of course, the compass references
are for geometric descriptive purposes only and are not
related 1n any fashion to geographic compass points.

The opposed electrodes of a bipolar electrode pair can be
separated from one another by a distance of about 1.5
centimeters or more (e.g., from about 2 ¢cm to about 4 cm 1n
some embodiments), which can be equivalent to the diam-
eter of a circular pattern of the electrodes. For instance, 1f
8-10 pairs of diametrically opposed bipolar electrodes sur-
round the perimeter a circle with a 2 cm diameter, then this
provides about a 10-fold improvement of the electrode
density over the same size region of tissue as compared to
previously known basket catheters.

The electrodes to be utilized at any one time are not
limited to 4 bipolar electrode pairs and a system can 1ncor-
porate additional bipolar electrode pairs. For instance, FIG.
3 illustrates one embodiment of an electrode array including
8 bipolar electrode pairs (16 electrodes). The electrodes of
the catheter of FIG. 3 are mated in bipolar electrode pairs as
described above, 1.e., A1, A2; B1, B2; C1, C2; ... H1, H2.
In this embodiment, each bipolar electrode pair 1s associated
with another bipolar electrode pair to form an iverse input
pair of bipolar electrodes. An 1nverse input pair includes two
bipolar electrodes and thus four individual electrodes. Two
bipolar electrode pairs that are associated with one another
to form an nverse input pair have positive and negative
inputs on opposite sides ol the perimeter. As such, the
signals obtained from the two bipolar electrode pairs will
have an opposite 1nitial slope, 1.e., one of the bipolar
clectrode pairs will register a passing wave front with a first
slope (e.g., positive) and the other bipolar electrode pair of
the inverse input pair will register the same wave front with
a second slope that i1s the inverse of the first slope (e.g.,
negative). Each electrode of an inverse mput pair of bipolar
clectrodes 1s located adjacent to and at a relatively short
distance from an electrode of the associated bipolar elec-
trode pair, with the positive input electrode of the first
bipolar electrode pair adjacent to the negative input elec-
trode the second bipolar electrode pair. Thus, the positive
input electrode and the negative input electrode of one of the
bipolar electrodes 1s reversed across the perimeter as com-
pared to the positive mput electrode and negative input
clectrode of the associated bipolar electrode.

By way of example and with reference to FIG. 3, a bipolar
clectrode pair Al, A2 1s associated with another bipolar
clectrode pair E1, E2 to form an inverse mput pair of bipolar
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clectrodes. As shown, the electrode Al 1s adjacent to and at
a relatively short distance from the electrode E2 of the
inverse mput pair. For instance, the distance between the two
can be about 5 millimeters or less, or about 3 millimeters or
less 1n some embodiments. In some embodiments, the
distance between the two can be from about 0.5 millimeters
to about 2 millimeters. In the pair of electrodes Al, A2, the
positive mput electrode of the pair can be the Al electrode
(at the north position of the array) and the negative input
clectrode of the pair can be the A2 electrode (at the dia-
metrically opposite south position of the array). In the
associated bipolar electrode pair E1, E2 of the inverse input
pair, the mput electrode 1s reversed on the perimeter as
compared to its associated pair. In other words, for the
associated bipolar electrode pair E1, E2, the positive input
clectrode of the bipolar electrode pair can be the E1 elec-
trode (at the south position of the array) and the negative
iput electrode of the bipolar electrode pair can be the E2
clectrode (at the north position of the array). In this embodi-
ment, the Al, A2 electrode pair can be referred to as the
north electrode pair (i.e., the positive input electrode of the
two at the north position) and the E1, E2 electrode pair can
be referred to as the south electrode pair (i.e., the positive
input electrode of the two at the south position).

The other bipolar electrode pairs around the circle pattern
can be likewise associated with one another 1n an inverse
input pair relationship. For instance the Bl electrode can be
the positive mput electrode for the west B1, B2 electrode
pair. The B1 electrode can be adjacent to and relatively close
to the F2 electrode, which 1s the negative input electrode of
the east F1, F2 electrode pair. Likewise, the B2 electrode
(the negative input electrode of the B1, B2 pair) can be
adjacent to and relatively close to the F1 electrode, which 1s
the positive mput electrode of the F1, F2 pair. The B1, B2
clectrode pair 1s thus associated with the F1, F2 electrode
pair 1n an inverse mput pair relationship. The other electrode
pairs around the circular pattern are likewise associated with
one another 1n mverse mput pair relationships.

A depolarizing wave front can be detected by an 1nverse
input pair of electrodes with opposite sloping potentials. For
instance, the approaching wave front can be recorded with
an 1nitial negative sloping potential by the electrode pair for
which the wave front passes the positive input electrode first
and the negative mput electrode second. For the associated
iverse mput pair, however, the same wave front will pass
the negative input electrode first and the positive input
electrode second. Thus, the wave front will be recorded with
an 1nitial positive sloping potential for this associated
inverse mput pair. While the two pairs can exhibit opposite
direction 1n the mitial sloping potential, they can exhibit
essentially the same voltage potential diflerence magnitude.

The use of mverse put pairs of bipolar electrode pairs
and the equal but opposite responses to a depolarizing wave
front by the bipolar electrodes can provide can provide high
confidence 1n the wave front characteristics determined by
use of the device.

A circular mapping catheter can include multiple rings of
bipolar electrodes as 1llustrated 1n the embodiment of FIG.
4. In this embodiment, the circular mapping catheter can
include a first set of bipolar electrode pairs Al, A2; B1, B2;
C1, C2; D1, D2 on an outer ring and a second set of bipolar
clectrode pairs E1, E2; F1, F2; G1, G2; H1, H2 on an 1nner
ring. As shown, the inner ring can have a smaller diameter
than the outer ring and as such the diametrically opposed
bipolar electrodes of each pair of the inner ring can be closer
to one another as compared to those of the outer ring. The
use of the different sized rings can be used to improve
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targeting of the catheter to a particular site, e.g., a rotor core.
For instance, the bipolar electrode pair of the outer ring can
be mitially utilized to encircle a rotor core (details of such
a process are described further herein). Following location
of the rotor core within the outer circle, the mner ring of
clectrodes can then be utilized to turther narrow the location
of the rotor core.

The bipolar electrodes of an electrode array can all be
utilized simultaneously during a procedure. Alternatively, a
portion of all available electrodes can be utilized during one
portion of a procedure and optionally a second portion of all
available electrodes can be utilized during a subsequent
portion of a procedure. For instance, and with reference to
the circular mapping electrode of FIG. 4, all of the electrodes
of the 1inner ring and the outer ring can be utilized simulta-
neously during a procedure or alternatively, signals from
bipolar electrodes of only the mner ring or only the outer
ring can be analyzed during one portion of a procedure, with
bipolar electrodes of the other ring examined during a
second portion of a procedure. Of course, any combination
of the multiple electrodes can be utilized during a procedure,
provided that the electrodes utilized at any one time together
can define a perimeter, with the individual electrodes of each
bipolar electrode pair being opposed to one another across
the area defined by the perimeter.

An electrode array can include any number of electrodes.
For instance, the circular mapping catheter of FIG. §
includes a single ring that carries 16 equally spaced elec-
trodes 1n electrical communication with one another that can
form 8 diametrically opposed bipolar electrode pairs. Addi-
tional bipolar electrodes included in a single ring of an
clectrode array can increase the detaill of information
obtained from the catheter during use and the mapping speed
of the system. Of course, any number of bipolar electrodes
can be mcluded an electrode array and all or only a portion
of the electrodes can be utilized at any one time. Moreover,
an electrode array can include electrodes 1n addition to those
that are opposed to one another to form the bipolar electrode
pairs. For example, an electrode array can include one or
more closely spaced pairs as found on a prior art type device
as 1llustrated in FIG. 1. In one embodiment, an electrode
array can include one or more ablation electrodes that are not
members ol a bipolar electrode pair. Alternatively, one or
more of the electrodes of the bipolar electrode pairs can be
utilized as ablation electrodes following mapping of a tar-
geted site.

Any electrode array that can be utilized with a plurality of
predefined bipolar electrode pairs as described 1s encom-
passed herein, and it should be understood that an electrode
array 1s 1n no way to be considered to be limited to a circular
mapping catheter. For instance, FIG. 6 illustrates a flexible
sheet 210 that can include an array of electrodes 212 for
instance in the pattern of a grid across the sheet 210. A sheet
210 including an array of electrodes 212 can include a
conventional metal, for example gold, for electrical com-
munication between individual electrodes 212. A metal
clectrode grid can be fabricated using known processes such
as standard lithographic techniques, shadow masking, and
gold deposition techniques. A sheet 210 can be of any
suitable construction and matenal, provided the material can
be utilized 1n a heart catheterization process. For instance, a
sheet can be porous or non-porous formed of any suitable
biocompatible material and can include only the electrodes
212 of the gnd or can include the electrodes 212 adhered to
an underlying substrate.

During use, the signals from a portion of all of the
clectrodes 212 of the electrode array across the sheet 210 can
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be measured 1n a mapping protocol. For instance, i the
illustrated embodiment signals from the electrodes 213
marked with solid black designations can be measures while
the electrodes 214 marked with open white markings are not
utilized. As shown, the electrodes 213 that are utilized
simultaneously in a mapping protocol define a generally
circular perimeter. The electrodes 213 can be 1n electrical
communication with one another such that there are 4
diametrically opposed bipolar electrode pairs across the
circular perimeter. In one embodiment, following a period of
time ol mapping during which the electrodes 213 are uti-
lized, a different set 215 of the available electrodes 212 can
be utilized 1n a protocol. For instance, the signals from a
different set of the available electrodes 215 can be measured
so as to map at a different location on the sheet 210 (and
thereby a different location of the contacted cardiac tissue)
or so as to form a perimeter of a different size than that of
the electrodes 213. Alternatively, the two sets of electrodes
213, 215 can be examined at the same time, to provide for
simultaneous mapping of two different areas of the tissue. In
addition, the two sets of electrodes 213, 215 can overlap
with one another, as shown in FIG. 6 or can be in completely
different areas of the total array, as desired.

The electrode array can be of any suitable shape or design.
FIG. 7 illustrates a basket-type catheter 60 that can be
designed and utilized as described herein. The basket-type
catheter 60 includes 8 splines 61, 62, 63, 64, 65, 66, 67, 68,
cach of which include 8 ring-type electrodes spaced apart
along the splines. During use, a plurality of the available
clectrodes can be utilized that can define the multiple bipolar
clectrode pairs located around the desired perimeter. For
instance, 1n the illustrated embodiment, the bipolar electrode
pair Al, A2 are both located on spline 61. The bipolar
clectrode pair B1, B2 includes the B1 electrode on spline 63
and the B2 electrode on spline 67. The bipolar electrode pair
C1, C2 and the bipolar electrode pair D1, D2 each include
one electrode on spline 62 (D1 electrode and C1 electrode)
and one electrode on spline 68 (D2 eclectrode and C2
clectrode). Thus, the electrodes selected for utilization 1n a
mapping protocol define a perimeter (Al, D1, B1, C1, A2,

D2, B2, C2 around the perimeter) using electrodes on five of
the available splines (61, 62, 63, 67, and 68) with the
members of each bipolar electrode pair opposed to one
another across the perimeter formed by the selected elec-
trodes.

Of course, any of the electrodes of a basket-type catheter
can be utilized at one time. In addition, multiple different
portions of all of the available electrodes can be utilized
sequentially to better examine the cardiac tissue. For
instance, FIG. 8 illustrates a basket-type catheter 70 that
includes a plurality of splines, similar to the basket-type
catheter of FIG. 7. According to one embodiment, a first set
of electrodes on the five illustrated splines can together
define a perimeter 72; the signals of which can be measured
to map all or a portion of a heart chamber. Following this
procedure, signals from a second set of all of the available
clectrodes on the five 1llustrated splines can together define
a perimeter 74, and the signals from these electrodes can be
analyzed to map a diflerent portion of the heart chamber.
Any combination of the available electrodes can be utilized
at any time, provided the selected electrodes analyzed
together can define a perimeter, with the members of each
bipolar electrode of the set opposed to one another across an
area defined by the perimeter. Through selection and mea-
surement/analysis of the signals of defined sets of all of the
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available electrodes of a larger array, highly detailed infor-
mation can be obtained with regard to arrhythmia triggers
and/or drivers.

In yet another embodiment, the electrodes can be
designed for external use, with each of the electrodes of the
array attached to predetermined location on a patient’s skin.
The electrodes can be located on the patient’s skin so as to
define a pernimeter with the electrodes of each bipolar
clectrode pair opposed to one another across the central area
of the perimeter as described above for internal use heart
catheters. The external body mapping can similarly provide
information with regard to location and/or direction of
arrhythmia triggers and/or drivers.

There are specific physiologic characteristics of arrhyth-
mia triggers and drivers for which the disclosed catheters
can have marked advantages over previously known types of
catheters. By way of example, vector analysis of the signals
from bipolar electrode pairs caused by peripheral spiral
wave fronts moving away from a rotor core can provide
important directional nformation as a signal will vary
depending upon the alignment of that bipolar electrode pair
with the imcoming electrical activation wave front. For
instance, a bipolar electrode pair that 1s aligned parallel to
the direction of the depolarizing wave front can have a broad
clectrogram recording of large amplitude. In comparison, a
bipolar electrode pair that 1s aligned perpendicular to the
incoming wave front can have a narrow electrogram record-
ing of small amplitude. In such a manner, vector analysis of
the signals of the bipolar electrode pairs as described can
provide specific directionality of an mmcoming wave front.
Moreover, as the electrode array can include multiple elec-
trode pairs and each pair can provide different data concern-
ing the characteristics of the wave front, the combined data
can be more comprehensive as compared to previously
known cardiac mapping systems.

During use, a catheter can be located on tissue (e.g.,
cardiac tissue or skin) such that the selected electrodes of the
array are in electrical communication with the tissue. Upon
analysis of the electrical signals at that location, 11 no trigger
or driver characteristic recording 1s seen at that particular
site, then a diflerent location can be examined. For instance,
and depending upon the particular nature of the catheter, the
catheter can be moved to another location or alternatively
the signals from a different set of electrodes of the larger
array can be examined, so as to examine a diflerent area of
tissue. The process can be continued until a characteristic
clectrogram recording 1s recognized. Upon recognition of a
characteristic recording, for instance an electrogram that
designates a rotor core nearby, the area of tissue that is
examined can be moved 1n the direction of the source of the
wave front based upon the directional information provided
by the vector analysis of the electrogram recording. For
instance, the catheter can be moved or the signals of a
different set of electrodes can be examined. Once the perim-
cter defined by the electrodes 1s positioned such that the core
of the rotor 1s within the perimeter, a very specific diagnostic
signal pattern can emerge. Specifically, upon location of a
rotor core within the perimeter defined by the bipolar
clectrodes, a single wave front activation electrogram
recording can exhibit alternating slopes of double potentials
that can be recorded 1n all of the bipolar electrode pairs
simultaneously (further detailed explanation below).

If a focal ectopic trigger focus 1s within the perimeter of
the bipolar electrodes rather than a rotor core, then a
different specific diagnostic electrogram can be recorded.
For instance, an ectopic focal trigger site within the perim-
cter of the bipolar electrodes of a catheter can present
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clectrical wave fronts 1n a circular centrifugal pattern. In this
case, the bipolar electrode pairs around the perimeter can
present similar sloping electrograms. Triggers and drivers of
arrhythmia 1dentified by use of the bipolar electrode pairs
can then be sites targeted for ablation.

FIG. 9A schematically illustrates the wave front 100 of a
rotor. As shown, the rotor has a convex wave front 100 with
a circular trajectory. At the core, the curvature of the wave
front 1s highest, but the wave front cannot penetrate the core
during the refractory period of the cells. Thus, the wave front
activation pattern has a spiral shape.

FI1G. 9B, FIG. 9C, and FIG. 9D 1illustrate a circular
mapping catheter 110 as described herein held in various
relationships to a rotor wave front 100. At FIG. 9B, the rotor
core 120 1s outside of the diameter of the circular catheter
110. The diametrically opposed configuration of the bipolar
clectrode pairs provides immediate information with regard
to direction of the wave front 100. For instance, in the
illustrated embodiment, the earliest activated pair of the
array during a rotation will be the B1, B2 pair. This pair will
be essentially parallel with the incoming activation direction
and will therefore have the earliest activation and largest
clectrogram potential amplitude. On the other hand, the Al,
A2 electrodes are perpendicular to the wave front and will
be the last activated of the bipolar electrode pairs of the
catheter via activation of the Al electrode as shown at FIG.
9C. The activation of the A1, A2 pair will have the narrowest
smallest amplitude electrogram of all of the pairs of the
catheter 110. As rotation continues, the wave front 100
passes the Bl pole of the B1, B2 pair mitially encountered
(FI1G. 9D).

After the wave front passes, that tissue just activated 1s
refractory from another stimulus for the duration of its
refractory period. In a rotor or reentrant circuit, the wave
front appears to chase 1ts tail of refractoriness. Limiting the
activation of tissue as 1t circles around results 1n very steady
activation cycle lengths. The tissue near a rotor (e.g., within
1 or 2 centimeters) 1s driven 1n a 1:1 fashion with each
complete rotation of the rotor, not allowing fibrillatory or
more chaotic activity 1n that specific region. Therefore a
single discreet electrogram can be recorded only with each
passing wave front and with each rotation of the rotor.

In the example illustrated in FIG. 10A-FIG. 10C, the
catheter 110 1s directly over a rotor core 120. Bipolar
clectrode recordings directly over the rotor core 120 can
show secondary nverted split potentials on an electrogram.
This 1s explained by the rotor wave front passing under one
pole of a bipolar electrode pair while moving in a first
direction, which results in a discreet directional slope elec-
trogram signal, and then passing under the opposite pole,
which results in an opposite slope electrogram. For 1nstance,
as the wave front passes under the A2 electrode as shown 1n
FIG. 10A, the electrogram can exhibit a discreet upward
directional slope. As shown 1n FIG. 10C, after the rotor turns
haltway through its rotation 1t will pass under the Al
clectrode, which 1s the other electrode of the A1, A2 bipolar
clectrode pair. During this portion of the electrogram record-
ing, the wave front activation underneath the second Al pole
will be moving in the opposite direction as compared to
when the wave front passed the A2 electrode. This will result
in an inverted slope of the second electrogram potential
recording as compared to the first. For instance, if the A1, A2
lead electrogram exhibited a discreet upward directional
slope at the FIG. 10A orientation, the Al, A2 lead electro-
gram will exhibit a discreet downward directional slope at
the FIG. 10C orentation. Significantly, the same inverted
split potential electrogram will be recorded for all of the
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bipolar electrode pairs when the rotor core 1s within perim-
cter defined by the electrodes. For instance, a similar pattern
will be exhibited as the wave front passes under the B1, B2
pair, the B2 pole passage being illustrated 1n FIG. 10B. With
cach single rotation of a rotor underneath a bipolar electrode
pair, two distinct but opposite sloping wavelforms can be
recorded.

Identifying the presence of a rotor by specific rotor core
characteristics with 2 to 4 millimeter electrode spacing along
a linear catheter or a spline as has been previously attempted
1s diflicult at best. Using activation wave fronts simultane-
ously over the entire left atrium can provide overall results
but requires computational ofl-line assessment. Through
expansion of the distance between recording bipoles and
addition of more bipoles to define a perimeter 1n the dis-
closed catheters, a much larger tissue area can be examined
at one time to assess for rotor activity.

In addition to the ability to map and identify triggers and
drivers of atrial fibrillation, a catheter as disclosed herein can
track a rotor as it precesses across cardiac tissue. FIG. 11
illustrates electrogram recordings of surface leads including
diametrically opposed bipolar electrode pairs and illustrates
the characteristics of a precessing rotor moving from outside
the recording circle to withun the circular pattern of the
clectrode pairs. The top 4 recordings of FIG. 11 are from
electrocardiogram surface leads I, avF, V1, and V6. The next
9 recordings are from electrode pairs diametrically opposed
from each other 1n a circular pattern. At the left-most arrow
above these 9 recordings, all of these 9 tracings show a
sudden transition to alternating slopes of double potential as
the rotor core precesses into the circular pattern. This
continues for 15 rotations. The vertical arrow marks when
the rotor core precesses out of the boundary of the circular
pattern and the single potential slopes resume. At the right-
most arrow on FIG. 11, the rotor core has reentered the circle
of diametrically opposed electrodes. The final 4 recordings
at the bottom of FIG. 11 are from electrodes along a catheter
located 1n the coronary sinus vein.

FIG. 12 presents another set of electrogram recordings
including the top 4 from surtace leads I, avF, V1, and V6; the
next 9 from electrode pairs diametrically opposed from each
other 1n a circular pattern, and the bottom 4 from electrodes
along a catheter located 1n the coronary sinus vein. FIG. 12
illustrates how the cycle length recorded by the electrogram
can be altered due to the Doppler Eflect as the rotor core
precesses across the cardiac tissue. As 1llustrated 1n FIG. 12,
as the distance between the rotor and the bipolar electrode
circle decreases, there 1s a decrease 1n cycle length. As the
rotor core moves within the boundaries of the circular
pattern (marked by the arrow) there 1s a sudden doubling of
clectrical potentials that alternate 1n slope. This 1s seen 1n all
nine of the directional recordings. The rotor stays within the
circular pattern for 15 rotations and then precesses back out.
The pattern repeats as the rotor core precesses back and
forth, 1n and out of the perimeter of the catheter electrodes.
When the rotor 1s outside the circular boundary of the
clectrodes, the cycle length 1s 202 milliseconds or greater.
Cycle lengths between upsloping potentials decreases to an
average of 173 muilliseconds when the rotor 1s inside the
circular pattern. When the rotor migrates back out of the
clectrode array, the cycle length again increases (not shown
on FIG. 12).

Significantly, the cycle frequency can be seen to vary by
a Tactor of 2 (or more due to the Doppler Eflect) as the rotor
core precesses 1n and out of the perimeter defined by the
bipolar electrodes. As shown 1n FIG. 12, when the rotor core
1s within the perimeter defined by the bipolar electrodes, the
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cycle frequency can be double or more, e.g., between 2 and
3 times, that of the cycle frequency when the rotor core 1s
outside of the perimeter. Moreover, this effect 1s seen 1n all
of the bipolar electrode signals. Thus, analysis of the signals
of bipolar electrodes arranged as described can be used to
quickly and definitively 1dentify the location and direction of
a rotor core as well as other features of arrhythmia.

In one embodiment, unipolar analysis of the activation
signals from the electrodes defining the area perimeter can
be carried out to provide information about a source of a
depolarization wave front. For instance, in one embodiment,
the electrode activations can be analyzed sequentially
around the perimeter to provide additional information. In
one embodiment, a unipolar signal analysis can be carried
out following a bipolar electrode analysis as discussed above
so as to provide additional information about a depolariza-
tion source. This 1s not a requirement of an analysis meth-
odology, however, and 1n some embodiments, a unipolar
signal analysis can be carried out independent of a bipolar
clectrode analysis.

A unipolar analysis of the electrode activation signals can
be used to confirm location of a depolarization source within
a predetermined area and/or to more specifically identify the
location of a depolarization source (e.g., a rotor core) within
the area defined by the electrodes. For instance, analysis of
the bipolar electrode pair signals can mitially be utilized to
map from which direction a rotor approaches an area (e.g.,
a recording area as defined by the catheter electrodes) as
well as the time and position at which the rotor crosses the
perimeter ito the area defined by electrodes A unipolar
analysis of the electrode signals can then be carried out to
locate the rotor core with higher precision. Following this
analysis, the tissue at the rotor core and the paths of
abnormal tissue that allow the rotor to be sustained can be
treated, e.g., ablated, to decrease arrhythmic episodes. The
precision mapping provided by the two-pronged analysis
can prevent excessive tissue ablation and eflectively treat a
depolarization source with minimum tissue disruption.

FIG. 13 schematically illustrates different possible posi-
tions of a rotor core 1n relation to a catheter. At position A,
the rotor core 1s outside of the perimeter defined by the
clectrodes (in this particular case a circle). At position B, the
rotor core 1s within the perimeter, and at position C, the rotor
core 1s at the center of the circle defined by the electrodes.
As the depolarizing wave front sweeps around the core as
indicated by the directional arrow at rotor core position A 1n
FIG. 13, the electrodes of the catheter will be activated 1n a
recognizable pattern, with the pattern depending upon the
relative location of the rotor core with regard to each of the
clectrodes of the catheter.

When a rotor core 1s outside of the area defined by a
circular catheter, e.g., at position A of FIG. 13, the electrodes
will be activated 1n a pattern that may not proceed sequen-
tially around the circle. For instance, the W electrode may be
activated first and followed 1n sequence by the NE electrode
and then the E electrode, depending on the exact relationship
between the rotor core and the catheter. In contrast, when the
rotor core 1s within the perimeter, as at positions B or C of
FIG. 13, the electrodes will be sequentially activated by the
depolarizing wave front as 1s sweeps around the core. Thus,
a relatively simple analysis of the order of activation of the
clectrodes around the perimeter of the catheter can provide
information with regard to the location of the depolarization
source.

Temporal unipolar electrode analysis of the activations
can provide additional information with regard to the loca-
tion of the depolarization source. For instance, analysis of
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the time gap between activation of adjacent electrodes
around the perimeter can be utilized to 1dentify the location
of the rotor core as not only within or exterior to the area
defined by the electrodes of the catheter, but also can provide
a more precise location of the source within the area.
When a rotor core i1s within the area defined by the
catheter perimeter, the precise location of the rotor core
within the area can be determined from the time between
activation of adjacent electrodes around the perimeter and
the cycle length (1.e., revolution frequency) of the rotor. The
cycle length of a depolarization wave front can be obtained
through analysis of the repeating electrode activations at one
or more of the catheter electrodes over a period of time. As
discussed above, as a rotor precesses across the cardiac
tissue, the cycle length at individual electrodes (either bipo-
lar or unipolar electrodes) can exhibit a Doppler ellect.
However, this efl

ect will present 1tself as a readily apparent
variation in cycle length as the rotor precesses. Accordingly,
when the cycle length as determined at a single electrode
does not vary excessively over several cycles (e.g., about 10
or more cycles, for instance from about 10 to about 15
cycles), 1t can be assumed with high confidence that this
time period corresponds closely to the cycle length of the
rotor. This cycle length can be confirmed through compari-
son of the cycle length obtained at several different elec-
trodes, and in one embodiment through comparison of the
cycle length obtained at electrodes on opposite sides of the
perimeter. When the cycle length at each catheter 1s stable
and 1n correspondence with one another, this value can be
assumed to be the rotor cycle length.

FI1G. 14 illustrates the special case of a rotor core located
the center C of a catheter area. In this situation, the depo-
larizing wave front of the rotor will activate each electrode
successively around the perimeter. Assuming 1sotropic con-
ditions exist, and the electrodes are spaced equally around
the perimeter, the time period between activations of each
successive electrode will be equal to one another. For
example, 1n the 1llustrated embodiment of FIG. 14, 1n which
there are 8 electrodes equally spaced around a circular
catheter area, the time gap (t,) between sequential electrodes
will be the rotor cycle length (CL,) divided by the number
of electrodes (n), or 1n this case, 8. If, upon analysis of the
unipolar electrode activations, the time gaps are substan-
tially equal to one another and to CL, /n, then the rotor core
1s located at the center of the area defined by the electrodes.

Adjustments to an analysis for recognition of a rotor core
under a central or other particular point of a catheter area can
be carried out on a case by case basis, but are well within the
capabilities of one of ordinary skill in the art. For instance,
adjustments depending upon the shape of the perimeter, a
differential spacing between adjacent electrodes, the particu-
lar point of the area under analysis, etc. can be carried out
through geometric modeling.

A more general analysis can also be carried out to
determine a more precise location of a rotor core within a
catheter area. For instance, as illustrated in FIG. 15, a rotor
core can be located on the perimeter of a catheter area and
still be recognized via a bipolar analysis to be within the
general catheter area. However, 1n this case, the rotor core
can also be relatively far from the center, and ablation of the
central area under the catheter may leave the rotor core area
untreated.

If one assumes that a rotor spins with 1ts lateral rotation
in the same plane as the tissue surface, a general solution for
determination of rotor core location within a catheter area
can be determined by 1nitial determination of the maximum
possible time gap (t,,,.) between activation of adjacent
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clectrodes, which 1 turn depends upon the number of
clectrodes located around the perimeter and the rotor cycle
length CL,. When a rotor 1s within the catheter area, the
time gap between activation of adjacent electrodes around
the perimeter will occur within certain time constraints. In
particular, and with reference to FIG. 15, as the rotor makes
one complete revolution within the area defined by the
catheter perimeter, the electrodes closest to the rotor core
will exhibit the longest gap time between activations (1.e.,
the tangential velocity of the wave front 1s lower closer te
the rotor core). Accordingly, the maximum gap time possible
for activation between adjacent electrodes will be 1n those
instances in which the rotor core 1s on the perimeter and
under one of the electrodes as illustrated at FIG. 15. Geo-
metric analysis of this situation can provide a general
solution for this maximum gap time in terms of the number
of electrodes located around the periphery of the catheter
and the cycle length of the rotor, ¢.g., 1n the case of a circular
catheter:

=CLr(0.25+1/(28))

gmax

in which t_, ., CLz, and n are as defined above.

The value obtained for t_, . can be utilized to confirm that
the rotor core 1s within the catheter area. In particular, 1t the
time gap observed between any two adjacent electrode
activations 1s longer than the maximum time gap for the
given catheter and cycle length, then the activation must be
coming from a source outside of the catheter area, and the
rotor core 1s not within the area. Conversely, 11 the longest
observed time gap 1s equal to or less than the maximum
possible time gap, then the rotor core 1s within the area that
1s defined by the electrodes.

Once the maximum possible time gap for a particular
catheter and cycle length 1s determined, analysis of the
actual observed time gaps between the adjacent electrodes
sequentially around the perimeter of the catheter can be used
to triangulate the location of the rotor core within the
catheter area. For instance, the largest observed time gap
between two sequential electrodes can inform the observer
that the rotor 1s located 1 an angle of the tissue area defined
by these two electrodes and the center of recording area.
Moreover, the closer this largest observed time gap 1s to the
maximum possible time gap as discussed above, the closer
the rotor core will be to the perimeter of the catheter area.

FIG. 16 1llustrates an example 1n which the rotor core (at
position S on FIG. 16) 1s on a radius (G) that bisects an angle
formed between two electrodes located (E,, E,) within the
area of the perimeter of a circular catheter and the center (C)
of the circle (1.e., the angle E |, C, E, on FIG. 16). The radius
length (r) of the circular catheter perimeter can be known by
the catheter specifications. The maximum observed time gap
would be determined as being between electrodes E, and E,
upon examination of the electrode signals. The reter core
could therefore be determined to be within that angle of the
circle and the rotor core can be estimated to be along or near
the C-G radius. A circle (dotted circle) formed with the rotor
core S at the center will have a radius h, as shown. Assuming
constant rotational speed around this circle having the rotor
core at the center of the circle S, t_ _(the observed time gap
between the signal at E, and E,) can be considered a portion
of this circle. The angle ® is the angle formed as the wave
front passes from E, to E, as described by the circle with
radius h. The distance from the center of the catheter area C

to the rotor core S along the radius CG will then be:

r{cos(180°m))—-b cot(Dd/2)

in which
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r 1s the radius of the circle

n 1s the number of electrodes on the perimeter

b 1s 12 of the length of the chord (E,E,) between the
two electrodes (the largest observed time gap being
between these two electrodes) and

D=(¢,, 0/ CLR,)360°

FIG. 17 presents a set of electrogram recordings obtained
from a circular catheter (similar to that illustrated in FIG. 1)
that was overlying rotor activity during atrial fibrillation.
This figure includes simultaneous recordings of a surface
ECG, circular catheter and a coronary sinus vein catheter.
The top recording in this FIG. 17 1s a surface ECG recording
of a patient 1n atrial fibrillation. The next 10 tracings are
bipolar recordings of the closely paired electrograms. The
next 20 tracings are the unipolar recordings of each specific
clectrode. The bottom 2 tracings are recordings from elec-
trodes on a catheter that 1s placed 1n the coronary sinus vein.
The left half of the figure shows rotor activity within the
perimeter of the circle of electrodes 1-20. There 1s a cyclic
pattern of sequential unipolar activation around the catheter
clectrodes (2 slanted arrows). The rnight half of FIG. 17
illustrates the rotor precessing out of the perimeter of the
catheter. At the pomnt of exit across the perimeter, the
unipolar activation sequence can be seen to change to more
simultaneous (2 vertical arrows).

An electrode array can be utilized with catheter compo-
nents as are known 1in the art. For example, FIG. 18
schematically illustrates an anatomically-conforming, tlex-
ible catheter 50 incorporating an array of electrodes 13, 14,
15 that can be located with respect to the heart wall for
mapping and 1n one embodiment also for ablation. The distal
segment 30 1s simplified in FIG. 18 to show three of the
electrodes 13, 14, 15, but 1t should be understood that the
distal segment 30 will comprise the array of at least 8
clectrodes on the flexible segment that, during use, will
curve to define a pattern of bipolar electrode pairs. The
catheter 50 can include a porous tip and catheter lumen for
emitting 1rrigating fluid around the electrode array as 1is
known, but those features are not illustrated in FIG. 18 to
simplily 1llustration. It will be understood that the catheter
50 can also function as an ablation catheter and include
necessary components for delivery of ablation energy,
including without limitation, visible light, infrared energy,
and/or electrical energy from or along the distal tip.

The catheter 50 can include a catheter shatt or body 20
and a handle 40. The catheter shait or body 20 can have a
shait axis 24 that extends between a distal end 26 and a
proximal end 28 and can be separated into a proximal
section 22 and a distal section 30. Catheter body 20 may be
of any suitable diameter and length and may be straight or
pre-curved along 1ts length, but in one embodiment i1s
straight when unrestrained. The distal section 30 or the distal
segment thereol can be tapered from the diameter of the
proximal section 22.

The proximal section 22 can have suflicient column
strength and can be capable of good torque transmission to
permit controlled placement of the distal section 30 at a
target site 1n the heart. The distal section 30 can be detflect-
able away from shaift axis 24 so as to form the desired pattern
during use. Fach electrode 13, 14, 15 1s separately connected
to insulated conductors extending proximally through the
catheter body 20 to terminals of a cable connector in or on
the handle 40 that 1s connected via a cable to the mapping
signal amplifiers and optionally also to an ablation energy
source. A thermocouple can also be included 1n the distal
segment 30 and separately msulated thermocouple conduc-

10

15

20

25

30

35

40

45

50

55

60

65

18

tors can extend proximally through the catheter body 20 to
terminals of the cable connector in or on the handle 40 that
are coupled to a temperature display and optionally an
ablation energy control apparatus known in the art.

The handle 40 can take any of the forms known 1n the art
for making electrical connections with the conductors within
the catheter body 20 and for delivering irrigation fluid to an
irrigation lumen (1f present) of the catheter body 20. The
handle 40 also includes a mechanism for deflecting the distal
tip section 30 into a circular pattern(s) and moving the
catheter within the body. The mechanism can take any form
for pulling, pushing and/or twisting the detlection or push/
pull wires within the catheter body 20. In the illustrated
embodiment, the handle 40 1s attached to the catheter body
proximal end 28 and supports axially slidable manipulators
comprising push-pull rings 44 and 46 and a rotatable lateral
deflection ring 42 that are coupled to the proximal ends of
a curve detlection push-pull wire, a knuckle deflection
push-pull wire, and a lateral deflection wire. For instance,
the lateral deflection ring 42 can be rotated to impart a torque
in a lateral deflection wire coupled thereto to laterally rotate
the distal section 30 with respect to axis 24 within the
proximal section 22.

As shown i FIG. 18, when the push-pull wires are
relaxed, the distal segment 30 1s aligned with the shaft axis
24 which can be referenced as 0°. The knuckle detlection
push-pull wire can be retracted or pulled by sliding ring 46
proximally to impart a radius bend from substantially 0° to
form a circular pattern of bipolar electrode pairs of the
desired diameter. The knuckle deflection push-pull wire can
be extended or pushed by sliding push-pull ring 46 distally
to 1mpart a bend that 1s 1n a bend direction opposite to the
bend direction imparted when the knuckle deflection push-
pull wire 1s retracted or pulled by sliding ring 46 proximally.

The manipulator push-pull ring 44 can be moved proxi-
mally or distally to move the curve detlection push-pull wire
coupled thereto proximally or distally to further aflect the
orientation or size of the circular pattern.

For example, pushing the push-pull ning 44 forward
toward the distal tip 24 of the catheter can deflect the
catheter downward 1n the southern direction of a circular
pattern (as shown for example 1n FIG. 2). During use 1n a
body, for instance when the catheter 1s placed against the
posterior atrium wall, this movement can be translated to a
more inferior position within the heart chamber. Pulling the
push-pull ring 44 back can detlect the distal segment 30 in
a more northern direction. When the catheter distal segment
30 1s placed against the posterior wall, then a counterclock-
wise rotation of the catheter stem via the lateral deflection
ring 42 can slide the circular mapping electrode laterally,
towards the east, while a clockwise rotation moves the
catheter towards the west.

FIG. 19A and FIG. 19B schematically illustrate one
mapping process for collecting data across a left atrium.
FIG. 20 presents a tlow chart of an algorithm approach to
collect the data. By way of example, after obtaiming merged
3-dimensional left atrial structure according to standard
methodology, the catheter including bipolar electrode pairs
can be utilized to map the atrium. In general, the catheter can
be 1n communication with a processor and related devices
that can include software as 1s known for processing the
clectrical signals and providing the information concerning
the electrical mapping of the cardiac tissue as output. For
instance, a processor 1n communication with the catheter,
e.g., a GE Cardiolab EP Recording Station, can be loaded
with suitable recognition and vector analysis software and
can receive and analyze the data from the catheter. The
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processor can also include standard output software as 1s
generally known 1n the art to provide the resulting data 1n a
preferred fashion, e.g., an electrocardiogram.

According to one mapping scheme, a catheter can be
mitially placed at Position 1 (FIG. 19B) within a heart
chamber (e.g., the left atrium as illustrated) and electrical
signals recorded and saved for a period of time, e.g., about
1 minute. IT fibrillation only 1s 1dentified, then the catheter
can be moved to Position 2, and recording completed for
another period of time. The catheter can be moved sequen-
tially through the positions as indicated on FIG. 19A and
FIG. 19B with the information gained at each site stored to
form a map of the entire heart chamber. Alternatively, the
mapping can be carried out until a trigger or driver 1s
located, upon which the i1dentified site can be ablated, either
with or without further mapping of the chamber.

At any position, if a wave front 1s recorded that by the
signal can be recognized as coming from an area outside of
the perimeter defined by the electrodes, the earliest and
largest amplitude 1mpulses of the electrode pair recordings
can provide information with regard to directional deflection
of the catheter so as to move the catheter (or redefine the
selected electrodes of a larger array) in the direction of
incoming propagated waves and thus closer to the fibrilla-
tion trigger or driver site. The site can then be tagged as a
peripheral site and the tag can include a label of the wave
front direction.

According to one embodiment, following tagging of a
peripheral site, the perimeter defined by the electrodes can
be relocated, e.g., by no more than 1 full diameter of a
circular pattern of the bipolar electrodes 1n the direction
toward the source of the wave front and another period of
recording can be obtained. The refinement can continue until
a rotor core source 1s found, tagged and recorded for the
desired period. Precess direction can be noted and recorded
as well.

During a mapping process, an atypical reentrant circuit
may be recorded. In this embodiment, the source of a wave
front can be a complete discreet circle within the chamber.
In this case the catheter peripheral site tags can result 1 a
circle of tag points. The circuit can be labeled as a circuit site
and the next position can be examined.

Ectopic foci can also be identified by use of the disclosed
catheters. For example, when refining the catheter position
by moving into the direction of an incoming peripheral site
wave front, an ectopic focus might be found. In this case,
rather than an immediate change to alternating sloped
double potentials as 1s the case for a rotor core 1dentification
as described above, a centrifugal activation can be seen 1n
which each pole of all of the electrode pairs can present with
similar sloping potentials. This site can also be recorded for
a period of time; tagged as an ectopic site and the next site
can be examined. After all sites 1n the left atrtum have been
examined (e.g., all 12 sites 1n the illustrated example), atrial
fibrillation ablation can be carried out.

As shown 1 FIG. 20, based upon the assessed catheter
recording, one of four recording results can be expected
(fibrillation, periphery site, rotor core, ectopic focus). Since
rotors can precess during the period of recording, three
different recording results may be obtained from a single
site. First and most commonly 1t can be expected to find
fibrillatory activity. This activity can be recognized by
irregular timing of all impulses across most, 11 not all,
clectrode pairs. Second, the catheter can record in regions of
the peripheral spiral wave. These areas can vary in diameter.
In a peripheral site region, fairly regular timing and some-
what stable directional imformation can be immediately
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available from the processor. However, since rotors can
precess, gradual shifts in cycle lengths and wave front
directions can be expected and observed. More rarely, an
actual rotor core can be recorded. Rotor core recordings by
the disclosed mapping catheters can have an immediate
recognizable pattern, including a sudden alternating sloped
double potential 1n all electrode pairs and a doubling of cycle
frequency. Using the wave front directional information at a
periphery site can also allow the user to locate a perimeter
defined by a plurality of bipolar electrodes over a rotor core.
The rotor core site can then be tagged and the information
saved, for mnstance 1 a 3-dimensional map further assess-
ment.
While certain representative embodiments and details
have been shown for the purpose of illustrating the subject
invention, 1t will be apparent to those skilled 1n this art that
various changes and modifications may be made therein
without departing from the scope of the subject invention.
What 1s claimed 1s:
1. A method for mapping cardiac tissue comprising:
placing an array of electrodes 1n contact with tissue, the
array of electrodes comprising at least three bipolar
clectrode pairs, wherein at least one of the three bipolar
clectrode pairs 1s associated with another bipolar elec-
trode pair to form an nverse input pair of bipolar
electrodes;
measuring electrical signals from the bipolar electrode
pairs, each bipolar electrode pair including a first
clectrode and a second electrode at a distance from and
1in electrical communication with one another, the elec-
trodes of the at least three bipolar electrode pairs
together defining a perimeter around an area, the first
and second electrodes of each bipolar electrode pair
being located on the perimeter such that the first and
second electrodes of each bipolar electrode pair are
opposed to one another across the area; and

analyzing the electrical signals from the bipolar electrode
pairs to determine the presence, direction or source of
a wave Iront of depolarization passing through the
cardiac tissue.

2. The method of claim 1, wherein the array of electrodes
1s placed 1n contact with the cardiac tissue.

3. The method of claim 2, wherein the cardiac tissue 1s
tissue of a subject, the method further comprising placing a
second set of electrodes 1n contact with the skin of the
subject and measuring electrical signals from one or more
clectrodes of the second set.

4. The method of claim 1, further comprising moving the
array of electrodes to a one or more successive sites and
analyzing the electrical signals from the bipolar electrodes at
cach successive site to determine the presence, direction, or
source of a wave front of depolarization passing through the
cardiac tissue.

5. The method of claim 1, wherein the at least three
bipolar electrodes are only a portion of the electrodes of the
array of electrodes, the method further comprising obtaining
and analyzing electrical signals from a different set of
bipolar electrode pairs of the array.

6. The method of claim 1, wherein the analysis of the
clectric signals identifies a reentrant circuit or an ectopic
focus 1n the cardiac tissue and/or i1dentifies the presence or
direction of a rotor core within the cardiac tissue.

7. The method of claim 1, the electrical signal analysis
demonstrating alternating slopes of double potentials in all
of the bipolar electrode pairs, the analysis thus determining
that a rotor core 1s in the cardiac tissue and surrounded by
the perimeter defined by the electrodes.
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8. The method of claim 1, further comprising separately
analyzing the electrical signals from each of the electrodes
of the at least three bipolar electrode pairs, the electrical
signals being analyzed from each of the electrodes such that
adjacent electrodes around the perimeter are analyzed
sequentially.

9. A method for mapping cardiac tissue comprising:

placing an array of electrodes in contact with tissue, the

array of electrodes comprising at least two bipolar
clectrode pairs;

obtaining electrical signals from the bipolar electrode

pairs, each bipolar electrode pair including a first
clectrode and a second electrode at a distance from and
in electrical communication with one another, the elec-
trodes of the at least two bipolar electrode pairs
together defining a perimeter around an area, the first
and second electrodes of each bipolar electrode pair
being located on the perimeter such that the first and

second electrodes of each bipolar electrode pair are
opposed to one another across the area; and

analyzing the electrical signals from the bipolar electrode
pairs, the electrical signal analysis demonstrating alter-
nating slopes of double potentials 1n all of the bipolar
clectrode pairs, the analysis thus determining that a
rotor core 1s 1n the cardiac tissue and surrounded by the
perimeter defined by the electrodes.

10. The method of claim 9, turther comprising moving the
array of electrodes to one or more successive sites and
analyzing the electrical signals from the bipolar electrodes at
cach successive site.
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11. The method of claim 9, wherein the at least two
bipolar electrodes are only a portion of the electrodes of the
array of electrodes, the method further comprising obtaining
and analyzing electrical signals from a different set of
bipolar electrode pairs of the array.

12. The method of claim 9, wherein at least one bipolar
clectrode pair 1s associated with another bipolar electrode
pair to form an 1nverse mput pair of bipolar electrodes.

13. A cardiac mapping catheter, the catheter including an
clectrode array, the electrode array including at least 3
bipolar electrode pairs, each bipolar electrode pair including
a first electrode and a second electrode at a distance from
and 1n electrical communication with one another, the elec-
trodes of the at least three bipolar electrode pairs together
defining a perimeter around an area, the first and second
clectrodes of each bipolar electrode pair being located on the
perimeter such that the first and second electrodes of each
bipolar electrode pair are opposed to one another across the
area, the catheter turther including additional electrodes that
include additional bipolar electrode pairs, wherein the addi-
tional bipolar electrode pairs include a bipolar electrode pair
that 1s associated with one of the at least 3 bipolar electrode
pairs 1n an 1verse mput pair relationship.

14. The cardiac mapping catheter of claim 13, wherein the
distance 1s about 1.5 centimeters or greater.

15. The cardiac mapping catheter of claim 13, wherein the
clectrode array 1s in the form of a gnd.

16. The cardiac mapping catheter of claim 13, wherein the
catheter 1s a circular mapping catheter or a basket-type

mapping catheter.
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